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Summary

The impact of downy mildew (Plasmopara viticola) 
epidemic on main and lateral leaf assimilation capacity 
of Vitis vinifera 'Merlot' has been quantified, under field 
conditions during the ripening phase, by means of leaf 
gas exchange measurements. The aim was to describe 
the impact of different disease severity levels on the gas 
exchange rate of symptomless portions of main and lat-
eral leaves and of the sporulating parts in comparison 
with healthy leaves. The measurements were carried 
out on plants normally treated and on plants where 
only the clusters were treated with a contact fungicide 
to prevent quantity yield losses. A drastic reduction in 
the photosynthetic rate was observed on the sporulat-
ing area of main and lateral leaf tissues. Stomatal and 
mesophyll conductance decreased and stomatal resist-
ance increased, indicating the difficulty of CO2 diffus-
ing through the stomata into the mesophyll to the site of 
carboxylation. Downy mildew affected more negatively 
the gas exchange parameters on the symptomless parts 
of a diseased lateral leaf than of a main leaf, indicating 
a greater susceptibility of lateral leaves. A decrease of 
stomatal conductance and, consequently, of the photo-
synthetic rate, transpiration and water use efficiency 
was observed already at low severity level with incre-
ments of the disease severity on the leaf. At the same 
time an increase of stomatal resistance on the symptom-
less area of a lateral leaf was measured. Visual assess-
ment of the diseased leaf area didn’t reflect the actual 
part colonized by the pathogen and at least a portion 
of the leaf area determined as healthy has in fact a la-
tent lesion. Therefore, the visual estimation of downy 
mildew infection may not give a good indication of the 
effect of the pathogen on host physiology. The results 
also emphasized the important role of downy mildew as 
a stress element for the plant during ripening phase, a 
source element for carbohydrate production.

K e y   w o r d s :  Downy mildew, photosynthesis, disease 
severity, latent lesion, visual assessment.

Introduction 

Downy mildew, caused by Plasmopara viticola Berk. 
& Curt. (Berl. and de Toni), is responsible for the most 
important disease on grapevine in Switzerland and the 

control strategies are based on preventive measures. The 
currently registered fungicides allow containing the yield 
quantity losses, but regular downy mildew epidemics are 
observed starting from July on leaf canopy with, depend-
ing on weather conditions, an important progress in August 
and September during the ripening phase and particularly 
on the lateral leaves. Grapevine is subjected to multiple 
stress situations during its whole growing season and it 
has a great potential for stress acclimation altering the 
assimilate allocation system (KOBLET et al. 1996). EDSON 
et al. (1995) showed, as grapevine has a balanced system 
of assimilate allocation based on a ranking of sink prior-
ity, that changes and localized photosynthetic rates may 
increase with sink stimulus (vegetative or reproductive) as 
the season progresses. The quantification of stress impact 
induced by pests or diseases calls for an analysis of the 
crop system. This is based on the analysis of the damage 
(impact of disease epidemic or pest population dynamic 
on plant growth, yield and plant physiology) of the exist-
ing interactions between damage and cultural practices and 
of the compensation mechanisms applied from the plant 
as response to a stress situation (DELUCCHI 1990, JERMINI 
et al. 2006). This approach has been applied until now to 
analyse the plant response to injuries caused by some fo-
liar pests (CANDOLFI 1991, CANDOLFI et al. 1993, JERMINI 
et al. 2009, LINDER et al. 2009). The first step in the dam-
age analysis is the evaluation of the interactions between 
biotic stress factors and grapevine, which lead to changes 
in several physiological processes, where photosynthesis 
is one of the most sensible to different stress conditions. 
On grapevine, several studies focused on this aspect for 
foliar pests (CANDOLFI 1991, CANDOLFI et al. 1993, REMUND 
and BOLLER 1995, MERCADER and ISAACS 2003, LINDER et 
al. 2009, ) and diseases (LAKSO et al. 1982, GOODWIN et al. 
1988, SHTIENBERG 1992, CABALEIRO et al. 1999, BELTRAMI et 
al. 2004, MORIONDO et al. 2005, NAIL and HOWELL 2005). 
Concerning downy mildew, studies had been carried out by 
ORLANDINI et al. (1998), MORIONDO et al. (2005), ALLEGRO 
et al. (2007) and STOLL et al. (2008). The first two authors 
indicated how the disease had a negative influence on gas 
exchange not only on the sporulating area, but also on the 
remaining symptomless tissues, determining a virtual le-
sion, but they didn’t analyse the impact of the disease se-
verity progress on the healthy part of infected main and 
lateral leaves. It is important to differentiate between these 
two types of leaves, because their role changes during the 
ripening phase. Main leaf photosynthesis has a limited im-
portance during fruit maturation and, most likely, the lat-
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The downy mildew fungicide applications in the treat-
ment A was made at the apparition of the first sporulation: 
at June 16 with Remiltine F pepite (37.5 % folpet + 20 % 
mancozeb + 6 % cymoxanil) for 1997 and at June 29 with 
Phaltan 80 (80 % folpet) for 1998. Three applications of 
Slick (250 g·L-1 difenoconazol) were made starting from 
bloom to prevent powdery mildew (Uncinula necator) and 
black rot (Guignardia bidwellii) infections and one with 
Switch (25 % fludioxonyl + 37.5 % cyprodinil) on clusters 
at the end of July to control grey mold (Botrytis cinerea) 
infections at the ha rate indicated by the manufacturer.

D i s e a s e d   l e a f   a r e a   e s t i m a t i o n :  Dis-
ease severity was estimated in the field using a modified 
Horsfall scale (HORSFALL and COWLING, 1978) in which a 
supplementary class for the lower disease level was intro-
duced. In this way, the scale was divided into 12 classes: 
class 0 (0 % damaged leaf area), class 1 (0* - 1 % dam-
aged leaf area), class 2 (1* - 3 % damaged leaf area), class 
3 (3* - 6 % damaged leaf area), class 4 (6* - 12 % dam-
aged leaf area), class 5 (12* - 25 % damaged leaf area), 
class 6 (25* - 50 % damaged leaf area), class 7 (50* - 75 % 
damaged leaf area), class 8 (75* - 88 % damaged leaf 
area), class 9 (88* - 94 % damaged leaf area), class 10 
(94* - 97 % damaged leaf area) and class 11 (97* - 100 % 
damaged leaf area). The asterisk indicates a value slightly 
exceeding the indicated value.

G a s   e x c h a n g e   m e a s u r e m e n t :  Leaf 
gas exchange was assessed under field conditions during 
the ripening period with a portable open infrared gas ana-
lyzer system LCA-4 (Analytical Development Company, 
U.K) equipped with a Parkinson leaf assimilation cham-
ber of 6.25 cm2 (PLC-B for broad leaf). All measurements 
were carried out under fully light saturated conditions 
(> 1200 µmol PAR m-2s-1) between 1 pm and 3 pm with 
clear sky on plants that were never under water stress con-
ditions because no dry period has been registered during 
the two year growing seasons considered for the measure-
ments. During the period April - August 53 d of rainfall 
with an amount of 1,144 mm·m-2 were measured in 1997 
and 25 d with 1,108 mm·m-2  in 1998. In June, July and Au-
gust 1997 16, 11 and 9 d with rainfall were measured with  
a total of 466, 184 and 259 mm·m-2, respectively. For the 
same months of 1998 11, 8 and 6 d with rainfall were meas-
ured with a total of 191, 116 and 78 mm·m-2, respectively. 
The measurements were carried out only in the experimen-
tal years 1997 and 1998 and only in the treatments A and 
C to avoid influences of a partial downy mildew control on 
the measurements. The parameters were calculated using 
the equations proposed by VAN CAMMERER and FARQUHAR 
(1981). Mesophyll conductance and water use efficiency 
were defined in accordance with CANDOLFI-VASCONCELOS 
(1990). Measurements on healthy leaves were carried out 
on plants in the subplots of treatment C and on diseased 
leaves in that of treatment A. The choice of the gas ex-
change assessment period was made in relation to the dis-
ease severity progress on the plant and on the leaves and 
the number of replicates depended on the frequency of the 
occurrence of the different severity levels in the subplots of 
treatment A. To provide adequate sampling, no senescent 
main leaf was selected between the 6th and the 9th main 

eral leaves assume the primary role (CANDOLFI-VASCONCE-
LOS, 1990). Following the concept of crop system analysis 
(DELUCCHI 1990, JERMINI et al. 2006), we started a study 
during the period 1996-1998 with the aim of quantifying 
the impact of downy mildew epidemics on the grapevine, 
considering the disease as a stress factor for the plant. This 
first work analyses under field conditions the impact of 
downy mildew on leaf assimilation capacity during the rip-
ening phase by means of leaf gas exchange measurements 
to provide: 1) functions to describe the impact on main and 
lateral leaves of different disease severity levels on the gas 
exchange rate of symptomless portions of the same leaf in 
comparison with healthy leaves, 2) the gas exchange ca-
pacities of sporulating parts of the main and lateral leaves 
in comparison with healthy leaves.

Material and Methods

P l a n t   m a t e r i a l   a n d   e x p e r i m e n t a l   
d e s i g n s :  The experiments were carried out during 
the period 1996-1998 in a vineyard of the Research station 
Agroscope Changins-Wädenswil ACW Centre of Cade-
nazzo planted with 'Merlot' grafted on 3309 rootstock. The 
vines were double cane pruned and vertical trained (double 
Guyot).

Three different treatments were compared: A = “Un-
treated canopy” (to prevent quantity losses, the clusters 
were treated once with a contact fungicide at the discovery 
of the first downy mildew sporulation); B = “Reduced fun-
gicide schedule” (based on a first treatment at the appear-
ance of the first symptoms, to avoid yield quantity losses 
followed by one or two additional fungicide applications 
during the early epidemic phase with the aim of delaying 
epidemic). C = “Standard schedule” (schedule normally 
applied in the vineyard). The experimental plot was moved 
each year in different but homogenous blocks of the vine-
yard to avoid stress influence due to a repetition of the trials 
on the same place. The 1997 trial was placed in a vineyard 
plot planted in 1991 with a vine spacing of 2.00 x 1.20 m 
between and within the rows. Each treatment consisted 
of a plot of 48 plants divided in 6 subplots of 8 contigu-
ous plants. The number of shoots per plant, including the 
spurs, was regulated to 11 at the phenological stadium 53 
BBCH (BAILLOD and BAGGIOLINI, 1993). The yield regulari-
zation was made on August 22 so as to obtain a theoreti-
cal production per sub-plot of 1.1 kg·m-2, corresponding to 
the low potential yield estimated in the experiment. The 
first topping was done on June 23 and a second one on 
August 4. The 1998 trial was placed in a plot planted in 
1974 with a vine spacing of 1.80 x 1.40 m between and 
within the rows. Each treatment consisted of a plot of 48 
plants divided in 8 subplots of 6 contiguous plants. For this 
experiment the number of shoots per plant, including the 
spurs, was regulated to 10 in the same periods as for the 
other years. The yield regularization was made on July 30 
with the aim of obtaining a theoretical production per sub-
plot of 1.2 kg·m-2, corresponding to the low potential yield 
estimated in the experiment. The first topping was done on 
June 30 and a second one on July 30.
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was observed under field conditions at each date of meas-
urement on the sporulating area of main and lateral leaf 
tissues (Tab. 2). The partial pressure of the CO2 inside the 
leaf (Ci), although showing significant differences (Tab. 2), 
remains fairly constant because stomatal resistance (rs) 
changed in proportion to A (LARCHER, 1995) and an opti-
mal concentration is maintained. The ratio Ci / Ca, where 
Ca is the CO2 concentration of the air, remains constant, 
usually at about 0.6 - 0.7. Consequently, an increase in Ci 
results from a decrease of A and is compensated for by a 
progressive stomata closure. On the sporulating leaf area, 
stomatal (gs) and mesophyll (gm) conductance decreased 
and rs increased (Tab. 2), indicating the difficulty of CO2 
diffusing through the stomata into the mesophyll to the site 
of carboxylation. Transpiration (E) and A are closely relat-
ed to gs, which continuously regulates the balance between 
assimilation and water loss in the leaf. The decreased E in 
the leaf area with P. viticola sporulation was not impor-
tant as decreased A and consequently water use efficiency 
(WUEins) was not negatively influenced (Tab. 2). The leaf 
temperature measured in the leaf assimilation chamber sig-
nificantly increased on the sporulating area in comparison 
with the healthy leaf. For the main leaves the increase was 
of 4.27 °C and 2.91 °C and for the lateral leaf of 4.98 °C 
and 4.63 °C (Tab. 2).

I n f l u e n c e   o f   t h e   d i s e a s e   p r o g r e s s
o n   t h e   g a s   e x c h a n g e   o f   t h e   g r e e n   
p a r t s   o f   a   l e a f   w i t h   s p o r u l a t i o n :  Downy 
mildew affected more negatively the gas exchange param-
eters on the symptomless parts of a diseased lateral leaf 
than of a main leaf, indicating a greater susceptibility of 
lateral leaves. A decrease of gs and consequently of the A, 
E and WUEins and an increase of rs on the symptomless area 
of a lateral leaf was observed already at low severity level 
with increments of the disease severity on the leaf (Figure). 
A and WUEins were reduced by 14% for a damage in class 2 
of the modified Horsfall scale (middle value of the class 
2 % diseased leaf area) in comparison with the increase of 
1 % and respectively 8 % measured on main leaves. E and 
gs measurements on main and lateral leaves were similar 
until class 5 level of damage (middle value of the class 
18.5 % diseased leaf area), but, as severity increased they 
showed a greater decrease.

At low disease severity, below class 5 of the modified 
Horsfall scale (middle value of the class is 18.5 % diseased 
leaf area), downy mildew had little effect on the healthy 
leaf tissues of the main leaf (Figure). At this infection level 
the mean reduction in A was 19 % of the values measured 
on healthy leaves. With the increase of the severity the neg-

leaf from the shoot base. In the same way the leaves on 
lateral shoots were chosen from the middle part of lateral 
shoots, which had the same leaf number. The epidemic 
progress on main leaves in 1997 and 1998 was rapid and 
at veraison more than 68 % in 1997 and 73 % in 1998 pre-
sented a disease severity higher than class 5 of the modi-
fied Horsfall scale (Tab. 1). This situation has limited the 
possibility of measuring the gas exchange on main leaves 
during the ripening phase considering an adequate number 
of leaves in accordance with the diseased level of the modi-
fied Horsfall scale. Therefore, the measurements on main 
leaves were carried out in 1997 between the phenological 
stage berry touch (July 19. 22 and 30) and the beginning of 
veraison (August 13); on leaves of the lateral shoots during 
the ripening phase (August 22 for 1997 and August 19, 22, 
25 and 31 for 1998). Gas exchange measurements were 
made: on healthy leaves, chosen on plants of treatment C, 
on sporulating leaf area, greater than the leaf chamber area 
(> 6.25 cm2), and on the healthy area of a diseased leaf 
corresponding at the area without downy mildew symp-
toms (yellowing or presence of sporulation). Criteria to 
choose the leaves for the later measurement was that the 
area without downy mildew symptom to be measured was 
as far as possible from the diseased portion, however the 
position of the leave on the trellis had to be equal to that of 
all other leaves measured. The diseased leaves were chosen 
on plants of the treatments A.

S t a t i s t i c a l   a n a l y s i s :  The paired t-test was 
used to compare the differences between healthy leaf and 
the sporulating area of an infected leaf. The effect of the 
disease severity on gas exchange in symptomless tissues of 
main and lateral infected leaves was quantified by means of 
regression analysis. Because gas exchange measurements 
at different disease severity levels were made at different 
times, the data were transformed to a relative rate (ratio 
between the assimilation rate of healthy area of infected 
and healthy leaves). The dependent variable was the rela-
tive rate of the gas exchange parameters considered in the 
analysis. The independent variable was the disease severity 
defined as the midpoint of class of the modified Horsfall 
scale. Statistical analysis was performed utilising the Sig-
mastat (SSPS) statistical package.

Results

G a s   e x c h a n g e   c o m p a r i s o n   b e t- 
w e e n   s p o r u l a t i n g   a n d   h e a l t h y   l e a f   
a r e a :  A drastic reduction in the photosynthetic rate (A) 

T a b l e   1

Distribution of the downy mildew severity on main leaves in the treatment A (Untreated canopy) at the phenological stage veraison in 
1997 (n = 732) and 1998 (n = 1,017) in according with the modified Horsfall scale: 0 = 0 % damaged leaf area, 1 = 0* - 1 % damaged 
leaf area, 2 = 1* - 3 %, 3 = 3* - 6 %, 4 = 6* - 12 %, 5 = 12* - 25 %, 6 = 25* - 50 %, 7 = 50* - 75 %, 8 = 75* - 88 %, 9 = 88* - 94 %, 

10 = 94* - 97 % and 11 = 97* - 100 %. The asterisk indicates a value slightly exceeding the indicated value.

Year Classes of the modified Horsfall scale
0 1 2 3 4 5 6 7 8 9 10 11

1997 13 % 4 % 4 % 7 % 5 % 7 % 14 % 26 % 16 % 5 % 0 % 0 %
1998 11 % 7 % 5 % 6 % 9 % 11 % 18 % 16 % 20 % 6 % 2 % 0 %
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estimation of the disease effect. This possibility is higher 
on lateral leaves, which have a surface that is, on average, 
20-30 % less than that of main leaves.

Discussion

A drastic reduction in A observed on the sporulating 
area is in agreement with ORLANDINI and GIUNTOLI (1998), 
although they didn’t make a distinction between main and 
lateral leaves. Contrary to our results, these authors indi-
cated negative photosynthetic values on the sporulating 
oilspots. This difference could be due to the different type 
of lesions present on 'Merlot'. On this cultivar, the pres-
ence of oilspots, characterized by dense sporulation, is rare 
and the most common symptom is the “mosaic”, where the 
sporulation is limited by the veins and sporangiophores are 
scarce (GOIDANICH 1983). The downy mildew deregulates 
guard cell functioning of stomata causing significant water 
losses and a consequent collapse of the gas exchange (AL-

ative effect increased rapidly, 43 % for class 7 (midpoint 
value of the class is 62.5 % diseased leaf area) and 68 % for 
the class 8 (midpoint value of class is 81.5 % diseased leaf 
area). E and WUEins in the symptomless part of an infected 
main leaf were also affected, but to a lesser extent, e.g. a 
reduction of 29 % and 28 % respectively for class 7 and 
45 % and 43 % respectively for class 8. 

At high disease severity levels, above class 6 (mid-
point value of the class is 37.5 % diseased leaf area) of the 
modified Horsfall scale, the rate of the gas exchange pa-
rameters measured on the symptomless area of lateral and 
main leaves were similar with the exception of rs, which 
increased at a greater rate on lateral than on main leaves 
(Figure). The measurements above class 6 for lateral and 
class 7 for main leaves could be an artefact. The “mosaic” 
is the typical downy mildew symptom in our canton on 
'Merlot' and therefore we could not rule out the possibility 
that occasionally some sporulating leaf area may have been 
included in the leaf chamber of the LCA4 with an over-

Figure: Relationship between disease severity, defined with the middle value of the modified Horsfall scale, and the photosynthesis, 
transpiration, water use efficiency, stomatal and mesophyll conductance and stomatal resistance rate expressed as ratio between values 
measured on symptomless area of infected and healthy leaves. Squares refer to main leaves and circles to lateral leaves. Bars indicate 
Std dev.
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the Pyricularia oryzae-rice pathosystem. MORIONDO et al. 
(2005) confirmed this hypothesis showing a negative influ-
ence on the assimilation rate mainly around the sporulat-
ing area, whereas the green tissues away from the lesion 
were not affected. These results were confirmed in other 
pathosystems as in the rice-Xanthomonas campestris pv 
oryzae, where virtual lesion extended 1.1 cm beyond the 
true lesion for the gross CO2-exchange rate at light satura-
tion (ELINGS et al. 1999), or in the bean Uromyces phaseoli, 
where DUNIWAY and DURBIN (1961) measured a significant 
reduction in stomatal aperture only up to 0.5 mm from the 
margin of isolated fungal colonies. Nevertheless, our re-
sults show a greater negative effect of downy mildew on 
gas exchange on the symptomless area of an infected leaf 
for disease severity above class 5 of the modified Horsfall 
scale. The explanation is probably due to the type of dis-
ease expression. MORIONDO et al. (2005) described a lower 
concentration of photosynthetic pigments just around the 
lesion that lets us suppose that these authors have carried 
out their experiments considering only oilspots. Contrarily, 
the “mosaic” disease expression is more common on 'Mer-
lot' grapevine and the sporulating areas are distributed het-
erogeneously on the leaf surface and probably have a major 
border effect. Therefore, intrinsically small zones of such 
virtual lesion or latent lesion can coalesce and at high se-
verity affect all the symptomless parts of the diseased leaf. 
Our results also indicate that stomatal conductance values 
of symptomless leaf area with sporulation are usually, as 
opposed to a healthy leaf, between 20 and 86 % lower de-
pending on the leaf disease severity, with a decrease in gas 
exchange activity and an increase in the stomatal dysfunc-
tion. Therefore, it is plausible that downy mildew infection 
induces a greater than normal response of the symptomless 
parts of an infected leaf to environmental stress factors and 
particularly to water stress. The effect may be due to the 
phytotoxic compounds produced by the pathogen that dif-
fuse to uncolonized portions of the leaf (YARWOOD 1967) or 
to several physiological changes in the leaf that stimulate 
the production of senescence phytohormones like ABA or 
jasmonic acid, which also stimulate the events leading to 
leaf abscission, or ethylene, that accelerates senescence. 
This effect has been reported for grapevines infected with 
the Pierce’s disease bacterium (Xylella fastidiosa), where 
physiological changes in diseased leaves under relatively 
mild water stress induced a leaf senescence beginning at 
the leaf margin (GOODWIN et al. 1988). SHTIENBERG (1992) 
reported for some pathosystems a possible migration of 
carbohydrates from uncolonized portions of the leaf to the 
pathogen that was associated with an indirect influence on 
gas exchange. Powdery mildew of grapevine (Erysiphe 
necator) seems to induce an increase of sugar content in 
infected leaves, whereas downy mildew depletes leaf su-
crose (BREM et al. 1986). ORLANDINI and GIUNTOLI (1998) 
show also that the healthy parts of infected leaves (they 
have considered only leaves with a disease severity below 
15 %) are more susceptible to environmental stress factors. 
The results of our measurements, made during the early 
afternoon, support this hypothesis, because, on 'Merlot' 
grapevine, leaves began to abscise at disease severity lev-
els between class 7 and 8 of the modified Horsfall scale. 

LEGRE et al. 2007). Non uniform stomatal patchiness clo-
sure is especially pronounced in environmental stress situ-
ations (DÜRING and LOVEYS 1996), but also toxic excretions 
from the pathogen could induce the same type of stress 
(TURNER and GRANITI 1969, LARCHER 1995) or, also, from 
the infected plant (ALLEGRE et al. 2007). Generally, the wa-
ter diffusion from the leaf to the external environment was 
more rapid than the CO2 diffusion from the air to the leaf 
tissues because gm is very weak for water. This difference 
was even more pronounced in the sporulating tissues as the 
presence of the pathogen creates a further resistance for 
CO2 rather than for water and explains the limited influ-
ence on E observed on the sporulating area.  STOLL et al. 
(2008) have found that the pathogen development caused 
an increase in the leaf temperature on irrigated plants meas-
ured with a thermal imagery, at the inoculated point, but on 
plants subjected to severe drought stress the temperature 
was lower. Our results show a relevant increase of the leaf 
temperature in the sporulating area, on one hand confirm-
ing the finding of these authors on the other confirming that 
under our climatic and soil conditions the hydric supply 
was abundant. 

The impact of downy mildew infection on the gas ex-
change of symptomless tissues of an infected leaf is more 
important on lateral than on main leaves. A disease se-
verity of class 1 of the modified Horsfall scale induces a 
decrease of 18 % of the photosynthesis on lateral leaves, 
contrary to an increase of 14 % at the same severity class 
on main leaves. Lateral leaves play a primary role in fruit 
maturation (CANDOLFI-VASCONCESOS 1990). Therefore, the 
greater reduction of A on symptomless areas of diseased 
lateral leaves could have an important negative impact 
on the fulfilment of the berry carbohydrate requirements 
with a consequently higher negative impact on yield qual-
ity. The photosynthetic rate on the symptomless tissues 
of main leaves wasn’t negatively reduced until a disease 
severity of class 4 of the modified Horsfall scale (middle 
value of the class is 9 % diseased leaf area) and this result 
is in accordance with the observations of MORIONDO et al. 
(2005), which didn’t find differences in the photosynthe-
sis between healthy leaves and symptomless parts of an 
infected main leaf with a severity of approximately 15 %. 
CANDOLFI-VASCONCESOS (1990) has shown how grapevine 
increased the assimilation rate of the main leaves as a plant 
response to lateral leaf defoliation and we cannot affirm 
that the increase observed on main leaves at low disease 
severity could be an attempt of the plant to react to a stress 
situation. We can not compare the plant response between 
abiotic and biotic stress situations induced by diseases. The 
fact that the negative effect of the disease on the remaining 
symptomless leaf area increased with the severity progress, 
indicates that the impact of the pathogen is not a mere direct 
physical impediment of cellular function, but physiological 
process outside the diseased tissues directly or indirectly 
influenced by the pathogen. ORLANDINI and GIUNTOLI (1998) 
suggest that the downy mildew pathogen is able to affect 
the leaf physiology without any outward visible symptoms 
and they assumed that the pathogen had a pathogenic influ-
ence beyond the visible diseased area, creating a virtual le-
sion as proposed for the first time by BASTIAANS (1991) for 
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The visual assessment of the diseased leaf area doesn’t 
reflect the actual part colonized by the pathogen and at 
least a portion of the leaf area determined as healthy has 
in fact a latent lesion. Therefore, the visual estimation of 
downy mildew infection may not give a good indication 
of the effect of the pathogen on host physiology, support-
ing other observations (LAKSO et al. 1982, RABBINGE et al. 
1985, SHTIENBERG 1992). In these experiments we have 
considered only 'Merlot'. We cannot extend our conclu-
sions to other cultivars, because the host response could 
be different. LAKSO et al. (1982) demonstrated for powdery 
mildew of grapevine that visual infection estimation has 
been considered acceptable for “White Riesling” but not 
for “Concord”.

The results presented provide data sets for coupling 
disease severity of downy mildew with the effects on leaf 
physiology of main and lateral leaves, which are neces-
sary for simulation models that quantitatively integrate the 
interactions between disease and crop growth (DIETRICH 
et al. 1997). The results also emphasize the important role 
of downy mildew as a stress element for the plant during 
ripening phase, a source element for carbohydrate produc-
tion.

Acknowledgements

We thank V. ZUFFEREY for the helpful discussion and the 
critical reading of the paper and E. CARRERA, M. BONAVIA for the 
technical assistance.

References

ALLEGRE, M.; DAIRE, X.; HELIOR, M. C.; TROUVELOT, S.; MERCIER, L.; 
ADRIAN, M.; PUGNIN, A.; 2007: Stomatal deregulation in Plasmopara 
viticola-infected grapevine leaves. New Phytopathol. 173, 832-840.

BAILLOD, M.; BAGGIOLINI, M.; 1993: Les stades repères de la vigne. Rev. 
Suisse Vitic. Arboric. Hortic. 25, 7-9.

BASTIAANS, L.; 1991; Ratio between virtual and visual lesion size as a 
measure to describe reduction in leaf photosynthesis of rice due to 
leaf blast. Phytopathology 81, 611-615.

BELTRAMI, M.; MUTHUCHELIAN, K.; NEDUNCHEZHIAN, N.; 2004: Effect of 
grapevine Leafroll on the photosynthesis of field grown grapevine 
plants (Vitis vinifera L. cv. Lagrein). J. Phytopathol. 152, 145-152.

BREM, S.; RAST, D. M.; RUFFNER, H. P.; 1986: Partitioning of the photo-
synthate in leaves of Vitis vinifera infected with Uncinula necator or 
Plasmopara viticola. Physiol. Mol. Plant Pathol. 29, 285-291.

CABALEIRO, C.; SEGURA, A.; GARCÌA-BERRIOS, J. J.; 1999: Effects of grape-
vine Leafroll-associated virus 3 on the physiology and must of Vitis 
vinifera L. cv. Albariño following contamination in the field. Am. J. 
Enol. Vitic. 50, 40-44.

CANDOLFI, M.; 1991: Einfluss von Tetranychus urticae KOCH and Pan-
onychus ulmi KOCH (Acari) auf Gaswechsel, Wachstum, Ertrag 
und Traubenqualität der Weinrebe. Thesis No. 9423, Swiss Federal 
Institute of Technology, Switzerland.

CANDOLFI, M.; JERMINI, M.; CARRERA, E.; CANDOLFI-VASCONCELOS, M. C.; 
1993: Grapevine leaf gas exchange, plant growth, yield, fruit qual-
ity and carbohydrate reserves influenced by the grape leafhopper, 
Empoasca vitis. Entomol. Exp. Appl. 69, 289-296.

CANDOLFI-VASCONCELOS, M. C.; 1990: Compensation and stress recover-
ing related to leaf removal in Vitis vinifera. Thesis No. 9340, Swiss 
Federal Institute of Technology, Switzerland.

DELUCCHI, V.; 1990: Phytomedizinische Visionen. Landwirtschaft Sch-
weiz 3, 469-474.




